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This  paper  presents  an  experimental  study  of  mild  flameless  combustion  regime  applied  to 
methane/hydrogen  mixtures  in  a  laboratory-scale  pilot  furnace  with  or  without  air  pre¬ 
heating.  Results  show  that  mild  flameless  combustion  regime  is  achieved  from  pure 
methane  to  pure  hydrogen  whatever  the  CH4/H2  proportion.  The  main  reaction  zone 
remains  lifted  from  the  burner  exit,  in  the  mixing  layer  of  fuel  and  air  jets  ensuring  a  large 
dilution  correlated  to  low  NOx  emissions  whereas  C02  concentrations  obviously  decrease 
with  hydrogen  proportion.  A  decrease  of  NOx  emissions  is  measured  for  larger  quantity  of 
hydrogen  due  mainly  to  the  decrease  of  prompt  NO  formation.  Without  air  preheating, 
a  slight  increase  of  the  excess  air  ratio  is  required  to  control  CO  emissions.  For  pure 
hydrogen  fuel  without  air  preheating,  mild  flameless  combustion  regime  leads  to  operating 
conditions  close  to  a  "zero  emission  furnace",  with  ultra-low  NOx  emissions  and  without 
any  carbonated  species  emissions. 

Copyright  ©  2012,  Hydrogen  Energy  Publications,  LLC.  Published  by  Elsevier  Ltd.  All  rights 

reserved. 


1.  Introduction 

Carbon  Capture  and  Sequestration  (CCS)  technologies  applied 
to  industrial  boilers  and  furnaces  have  the  potential  to  reduce 
to  about  at  least  90%  of  the  C02  emissions.  Pre-combustion 
technology  is  one  of  the  technologies  considered  for  the 
application  of  CCS  to  large-scale  combustion  facilities  [1].  In 
this  case,  the  fuel  (gas,  liquid  or  solid)  is  first  reacting  in 
a  reformer/gasifier  to  produce  (CO/H2)  syngas,  which  is  after 
injected  in  a  gas  shift  reactor  where  CO  reacts  with  steam  to 
produce  (C02/H2)  mixture.  Then,  C02  can  be  captured  to  be 
ready  for  transport  and  underground  storage  after  cleaning 
and  compression.  In  an  Integrated  Gasifier  Combined  Cycle 
(IGCC)  power  plant,  resulting  hydrogen  fuel  is  used  in  a  gas 
turbine  connected  to  a  steam  turbine  to  produce  electricity. 
CCS  pre-combustion  technology  could  be  also  considered  as 


a  kind  of  centralised  generation  unit  of  hydrogen  fuel  which 
could  be  transported  and  distributed  to  decentralised  appli¬ 
cations.  This  can  be  expected  to  be  achieved  by  a  gradual 
transition  by  adding  hydrogen  to  natural  gas.  Moreover  the 
decline  of  fossil  fuels  availability  induces  new  interest  in 
hydrogen-methane  fuel  mixtures  such  as  by-products  from 
refineries  or  industrial  plants  or  biomass-derived  fuels.  This 
context  shows  the  interest  to  study  and  point  out  the  effect  of 
the  use  of  hydrogen  from  small  to  large  quantities  in 
combustion  applications  initially  designed  to  fossil  fuel  such 
as  natural  gas. 

Another  environmental  issue  of  pollutant  emissions  from 
industrial  furnaces  concerns  nitrogen  oxides  (NOx),  because 
of  their  multiple  impacts  on  health  and  environment  (lung 
infection,  smog,  acid  rains,  tropospheric  ozone  production, 
greenhouse  effect,  stratospheric  ozone  depletion,...).  Different 
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ways  of  formation  of  NO  co-exist  in  flames,  which  relative 
extents  depend  on  flame  characteristics  [2,3]. 

The  “thermal  NO”  formation  corresponds  to  the  direct 
oxidation  of  nitrogen  molecules.  Predominant  in  flames  at 
high  temperature  [3,4]  ,  the  thermal  route  follows  the 
extended  Zeldovich  mechanism,  controlled  by  the  first  reac¬ 
tion  (1)  because  of  its  high  activation  energy. 

N2  +  O^NO  +  N  (1) 

N  +  02^N0  +  0  (2) 

N  +  OH^NO  +  H  (3) 

In  hydrocarbon  flames,  another  way  of  nitrogen  oxides 
formation  exist  which  is  named  “prompt  NO”  as  it  appears 
early  in  the  flame  root  [5].  It  corresponds  to  the  reaction  of 
nitrogen  molecules  with  hydrocarbon  fragments  —  mainly  CH 
—  following  the  Fenimore  mechanism: 

N2  +  CH^HCN  +  N  (4) 

Then,  hydrogen  cyanide  molecules  HCN  react  to  generate 
ammonia  radicals  NHi,  which  oxidations  lead  to  NO  formation 
[3].  Ten  years  ago,  the  spin-forbidden  reaction  (4)  has  been 
reconsidered  to  a  spin-allowed  one  where  N2  react  with  CH 
radicals  to  form  NCN  [6]: 

N2  +  CH^±NCN+H  (5) 

From  NCN  radicals,  NO  can  be  directly  generated  via  reac¬ 
tions  with  02,  O  and  OH.  At  the  same  time,  reactions  of  NCN 
with  H  and  OH  induce  formation  of  HCN  molecules  [7,8]  . 
These  cyanide  radicals  can  then  react  as  previously  consid¬ 
ered  in  the  Fenimore  mechanism  to  form  NO  via  ammonia 
radicals  NHi.  Even  if  the  complete  kinetic  mechanism  of 
prompt  NO  is  not  yet  elucidated,  this  route  occurs  mainly  in 
the  hydrocarbon  flames  roots  where  CHi  radicals  are  present, 
and  can  be  favored  in  rich  conditions. 

The  “N20  route”  of  NO  formation  in  flames  is  initiated  by 
a  reaction  between  nitrogen  molecules,  oxygen  atoms  and 
a  third  collider  M  producing  N20  molecules,  which  then  react 
with  O  or  H  atoms  to  form  NO: 

N2  +  0  +  M^N20  +  M  (6) 

N20  +  0^N0  +  N0  (7) 

N20  +  H^N0  +  NH  (8) 

Because  of  the  third-body  reaction  (6),  the  N20  route  is 
promoted  at  high  pressure  and  in  lean  conditions,  and  is 
usually  considered  negligible  in  atmospheric  flames  [2,4,9]. 

The  “NNH  route”  corresponds  to  the  reaction  of  nitrogen 
molecules  with  H  atoms,  forming  NNH  radicals  which  oxida¬ 
tion  by  O  atoms  lead  to  NO  formation  [10]: 

N2  +  H^>NNH  (9) 

NNH  +  0*±N0  +  NH  (10) 

As  the  two  successive  reactions  (9)  and  (10)  involve  H  and  O 
atoms,  the  NNH  route  mainly  occurs  in  hydrogenated  flames 
roots.  Modelisation  of  NO  formation  in  a  flame  via  the  NNH 


route  is  a  challenging  task  as  it  requires  precise  estimation  of 
O  and  H  concentrations.  This  way  of  NO  formation  is  less 
pressure  and  temperature  dependent  than  other  routes.  The 
contribution  of  NNH  route  to  the  total  NO  production  in 
combustion  is  still  in  debate,  as  it  is  sometimes  considered  as 
low  or  even  negligible  [11,12]  or  on  the  opposite  important  in 
hydrogen  flames  and  could  be  even  dominant  at  low  flame 
temperature  such  as  mild  flameless  regime  [13,14]. 

Apart  from  CCS  technologies,  another  way  to  reduce  the 
C02  impact  of  industrial  applications  consists  in  the  optimi¬ 
sation  of  energy  efficiency  of  the  combustion  process.  One  of 
the  most  effective  ways  to  improve  the  thermal  efficiency  is 
the  concept  of  “Excess  Enthalpy  Combustion”  proposed  by 
Weinberg  where  large  part  of  enthalpy  of  hot  combustion 
products  is  recovered  to  the  combustion  system  [15].  This 
concept  has  been  applied  in  high  temperature  furnace  with 
recuperative  burners  equipped  with  steel  heat  exchangers 
allowing  large  air  preheating  up  to  600  °C-700  °C  [16,17].  Better 
improvement  has  been  obtained  with  burners  equipped  with 
ceramic  regenerative  systems  allowing  air  preheating  up  to 
1000  °C-1200  °C.  Compared  to  a  combustion  system  without 
any  flue  gas  heat  recovering,  this  permits  the  doubling  of 
thermal  efficiency  and  then  half  of  the  fuel  consumption  and 
C02  emissions  for  a  constant  heat  transfer  to  the  system  [17], 

Main  limitations  of  the  applications  of  regenerative 
systems  in  industrial  furnace  come  from  the  high  tempera¬ 
ture  achieved  in  the  flame  leading  to  too  important  levels  of 
NOx  emissions  with  air  preheating  [18].  At  high  temperature, 
NOx  emissions  from  conventional  combustion  systems  come 
mainly  from  thermal  NO  route.  The  strategies  employed  to 
limit  NO  production  is  thus  to  control  flame  temperature  by 
notably  staging  of  air,  fuel  or  both  injections,  flue  gas  rein¬ 
jection  through  the  burner,  or  flue  gas  recirculation  in  the 
combustion  chamber.  Improvements  of  these  concepts  for 
regenerative  burners  have  led  to  a  specific  combustion  mode 
in  high  temperature  furnace  featuring  reduced  combustion 
noise,  homogeneous  heat  transfer  in  the  combustion 
chamber,  no  more  observable  flame  structures  (but  rather 
some  evanescent  reactions  zones),  and  above  all  NOx  emis¬ 
sions  levels  that  can  be  an  order  of  magnitude  lower  than 
conventional  combustion  [19—24]. 

Because  of  its  colorless  feature,  this  combustion  mode  has 
been  named  flameless  combustion  or  FLOX®  (acronym  for 
flameless  oxidation)  [19,22].  As  it  has  been  initially  obtained 
with  regenerative  burners,  it  is  also  named  high  temperature 
air  combustion  (HiTAC)  or  high  preheated  air  combustion 
(HPAC)  [16,20].  For  all  regenerative  burners  operating  in 
flameless  regime,  the  common  feature  of  their  designs 
consists  of  remote  injections  of  fuel  and  air,  resulting  of 
staging  gone  to  extremes  [21].  This  characteristic  has  given 
also  the  name  FDI  (Fuel  Direct  Injection)  and  FODI  (Fuel/ 
Oxidant  Direct  Injection)  for  these  operating  conditions 
[23,25].  In  this  configuration,  thanks  to  high  momentum  of  the 
jets  at  the  exit  of  the  burner,  a  very  large  quantity  of  hot  burnt 
gases  recirculates  in  the  combustion  chamber.  The  recircu¬ 
lation  ratio  Kv  defined  as  the  flow  rate  of  recirculating  flue  gas 
over  the  sum  of  the  flow  rates  of  fuel  and  air  inlets  can  be 
typically  more  than  3  [19]. 

In  a  flameless  combustion  burner,  as  the  reactant  injec¬ 
tions  are  far  away,  the  main  reaction  zones  cannot  be 
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attached  to  the  burner.  As  the  burner  operates  with  air  excess, 
some  oxygen  is  still  present  in  recirculating  flow  with  hot 
combustion  products.  Then  sometimes,  a  weak  reaction  zone 
could  be  observed  around  the  fuel  jets  as  a  diffusion  flame 
between  fuel  and  excess  oxygen  recirculating  with  flue  gas 
[16].  But,  when  they  exist,  the  heat  release  generated  by  these 
diffusion  flames  remains  very  low.  The  main  heat  release  can 
only  begin  downstream  from  the  burner  exit,  in  the  mixing 
layer  from  the  location  where  the  reactant  jets  meet.  Along 
this  distance,  each  of  the  air  and  fuel  jets  mixes  with  recir¬ 
culating  flue  gas  by  turbulent  entrainment  process.  Combus¬ 
tion  occurs  then  in  massive  diluted  conditions,  lowering 
temperature  peaks,  temporal  and  spatial  thermal  gradients 
and  so  NOx  emissions.  Mild  combustion  (acronym  for 
moderate  or  intense  low-oxygen  dilution)  is  also  another 
denomination  of  this  combustion  regime  focused  on  its  dilu¬ 
tion  feature  [26].  Considering  a  well  stirred  reactor  (i.e. 
without  any  aerodynamic  consideration),  mild  combustion 
regime  is  achieved  when  very  dilute  reactants  are  preheated 
to  very  high  temperatures  and  induce  low  temperature 
increase  during  combustion  [26,27]. 

As  the  mild  flameless  combustion  regime  has  been 
initially  obtained  with  regenerative  burners,  air  preheating 
was  first  considered  as  a  prerequisite  to  reach  mild  flameless 
combustion  regime,  even  if  its  achieving  without  any  initial 
reactant  preheating  was  already  envisaged  [19,20].  Nowa¬ 
days,  several  experiments  have  shown  that  flameless 
combustion  regime  can  be  achieved  with  modest  air  pre¬ 
heating  [23]  and  even  without  any  reactant  preheating 
[28—30].  As  far  as  the  thermal  efficiency  is  concerned,  the  flue 
gas  heat  recovery  is  no  more  performed  in  the  combustion 
chamber  in  this  case,  but  could  be  envisaged  elsewhere  in  the 
industrial  system.  However,  when  mild  flameless  combus¬ 
tion  regime  can  be  achieved  without  air  preheating,  NOx 
emissions  are  one  of  the  lowest  obtained  in  high  temperature 
furnace. 

In  summary,  a  mild  flameless  combustion  burner  can  be 
considered  as  a  specific  configuration  which  aerodynamics 
features  induced  by  the  geometry  of  reactant  inlets  ensure 
dilution  and  heating  of  the  reactants  (with  or  without  pre¬ 
heating  before  injection)  by  hot  recirculating  combustion 
products  in  order  to  induce  locally  mild  features  in  the  reac¬ 
tion  zone  where  the  main  heat  release  occurs.  Following  this 
approach,  we  retain  the  term  “mild  flameless  combustion”  for 
this  original  combustion  regime  achieved  in  high  temperature 
furnace. 

Several  works  exist  now  in  literature  concerning  experi¬ 
mental  studies  of  mild  flameless  combustion  of  natural  gas, 
but  only  few  works  focus  on  mild  flameless  combustion  of 
hydrogen/methane  mixture  [31—34].  The  aim  of  the  present 
work  is  to  point  out  the  interest  of  the  combination  of  mild 
flameless  combustion  and  the  use  of  decarbonated  fuel  from 
an  experimental  study  of  the  effect  of  hydrogen/methane 
mixture  on  main  features  of  mild  flameless  combustion  in 
terms  of  flue  gas  emissions  and  structures  of  reaction  zones. 
This  work  is  done  in  a  laboratory-scale  facility  reproducing 
mild  flameless  operating  conditions  with  and  without  air 
preheating,  and  equipped  with  movable  optical  accesses  to 
allow  the  application  of  laser  and  imaging  diagnostics  while 
maintaining  thermal  confinement. 


2.  Experimental  setup 

2.1.  The  laboratory-scale  mild  flameless  combustion 

facility 

The  Fig.  1  presents  the  laboratory-scale  facility  named  “FOUR” 
(Furnace  with  Optical  accesses  and  Upstream  Recirculation) 
[29,35].  It  has  a  rectangular  combustion  chamber  (0.5  x  0.5  m2 
squared  section  and  1  m  height)  insulated  by  high  tempera¬ 
ture  refractory  walls  (up  to  1500  K).  This  facility  is  fully 
accessible  to  detailed  measurements  thanks  to  removable 
refractory  blocks  set  at  different  heights  on  each  sides  of  the 
combustion  chamber.  These  blocks  ensure  high  temperature 
thermal  confinement  and  are  equipped  with  thermocouples 
for  wall  temperature  measurement.  When  needed,  a  block 
can  be  replaced  by  a  quartz  visualisation  window  to  allow  the 
use  of  optical  diagnostics  like  chemiluminescence  imaging. 
The  exit  of  the  combustion  chamber  is  equipped  with  a  ther¬ 
mocouple  and  a  heated  sampling  probe  to  allow  flue  gas 
temperature  and  composition  measurements.  Oxygen 
concentration  is  measured  by  a  paramagnetic  analyser 
(Siemens  Oxymat  6)  and  the  concentrations  of  CH4,  CO,  C02, 
NO  and  NOx  (after  N02  conversion)  are  measured  with  non- 
dispersive  infrared  analysers  (Siemens  Ultramat  23). 

The  Fig.  2  presents  the  mild  flameless  burner  set  on  the 
base  of  the  combustion  chamber.  It  consists  of  two  off-axis 
fuel  injectors  (3  mm  dia.)  spaced  101.4  mm  apart,  set  on 
either  sides  of  a  central  air  jet  (25  mm  dia.)  ending  in 
a  convex  divergent  shape.  In  this  configuration,  recirculation 
of  combustion  products  inside  the  furnace  is  only  produced 


Fig.  1  -  Laboratory- scale  facility. 
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ch4  air  ch4 


Fig.  2  -  The  mild  flameless  burner  geometry. 


by  the  jet  flows  and  is  controlled  by  the  exit  flow  character¬ 
istics  and  the  geometry  of  the  burner  and  the  combustion 
chamber.  The  combustion  air  can  be  preheated  up  to  600  °C 
thanks  to  an  electric  heater,  in  order  to  mimic  the  presence 
of  a  regenerative  system  in  the  burner  but  allowing  contin¬ 
uous  stationary  operating  conditions.  With  such  burner 
configuration,  combustion  cannot  be  sustained  directly  when 
the  furnace  is  at  ambient  temperature.  For  that,  industrial 
mild  flameless  regenerative  burners  have  a  “flame  mode” 
where  the  fuel  is  injected  close  to  the  air  jet  in  order  to 
generate  a  classical  flame  attached  to  the  burner  during  the 
heating  of  the  furnace.  Then,  when  wall  temperature  is 
greater  than  the  self-ignition  temperature  of  the  fuel,  the 
burner  switches  to  its  “flameless  mode”:  all  the  fuel  is 
delivered  through  the  distant  injectors  and  mild  flameless 
combustion  regime  is  reached  [19,36].  In  our  case,  the  heat¬ 
ing  of  the  furnace  is  performed  thanks  to  an  external  oxy- 
burner  set  in  a  removable  block  on  one  side  of  the  combus¬ 
tion  chamber.  When  wall  temperature  is  greater  than  the 
fuel  self-ignition  temperature,  this  burner  is  switched  off  and 
removed.  Mild  flameless  combustion  regime  is  then  achieved 
with  the  three  jets  burner  (Fig.  2). 

2.2.  Reactive  zone  visualisation  by  OH* 
chemiluminescence  imaging 

Some  of  the  chemical  reactions  occurring  during  combustion 
form  radicals  such  as  C2,  CH  and  OH  in  excited  rovibronic 
levels.  As  their  excited  levels  are  far  from  the  thermodynamic 
equilibrium,  these  radicals  reach  quasi-instantaneously  lower 
rovibronic  levels  by  a  spontaneous  emission  of  photons.  Then, 
the  collection  of  such  chemiluminescence  signal  is  a  conve¬ 
nient  way  to  detect  the  regions  of  heat  release  and  obtain  the 
topology  of  these  reaction  zones  by  imaging.  Because  of  the 
dilution  feature  of  mild  flameless  combustion  regime,  chem¬ 
iluminescence  signal  from  reaction  zones  is  very  low 
compared  to  a  classical  flame  mode,  and  largely  smaller  than 
the  continuous  radiation  in  the  visible  range  coming  from  hot 
refractory  walls  in  furnace,  inducing  its  colorless  character¬ 
istics  [36].  However  heat  release  by  combustion  is  still  present 


in  the  combustion  chamber  in  reaction  zones  where  slight 
chemiluminescence  is  emitted.  As  it  occurs  in  ultraviolet 
spectral  range,  OH*  chemiluminescence  imaging  permits  to 
avoid  high  continuous  visible  radiation  from  hot  refractory 
walls  in  furnace.  Then,  high  sensitivity  and  dynamic  range  of 
intensified  CCD  (ICCD)  cameras  allow  to  record  OH*  chem¬ 
iluminescence  images  even  in  mild  flameless  combustion 
regime  in  order  to  obtain  and  analyse  the  topology  of  the 
reaction  zones  [37].  In  our  configuration,  OH*  chem¬ 
iluminescence  imaging  has  been  implemented  on  the  FOUR 
facility  by  using  an  ICCD  camera  (Roper  Princeton  IMAX  - 
512  x  512  pixel  - 16  bits)  equipped  with  a  Goyo  UV  25  mm  f/2.8 
lens,  and  an  interferential  filter  (310  ±  10  nm)  to  collect  OH* 
chemiluminescence  signal  through  a  100  x  100  mm2  UV  silica 
window  set  on  one  opening  of  the  furnace.  To  avoid  the 
overheating  of  the  camera,  the  lens  and  the  filter  by  wall 
radiations,  a  dichroic  UV  beam-splitter  is  used,  which  trans¬ 
mits  the  visible  and  infrared  ranges,  and  reflects  perpendic¬ 
ularly  a  part  of  the  ultraviolet  spectral  range  corresponding  to 
OH*  emissions  bands.  Then  the  imaging  system  is  set 
perpendicular  to  the  furnace  window  and  is  no  more  directly 
exposed  to  hot  radiation.  All  the  optical  setup  can  then  be 
placed  as  close  as  possible  to  the  window  to  optimise  the  field 
of  view  obtained  in  the  combustion  chamber  (Fig.  3).  This 
configuration  ensures  the  safety  of  the  material,  a  good 
spectral  selection  and  a  convenient  field  of  view  of 
200  x  200  mm2  on  the  vertical  plane  centred  in  the  combustion 
chamber. 

2.3.  Experimental  methodology 

The  operating  conditions  of  the  FOUR  facility  for  the  present 
study  are  summarized  in  the  Table  1.  Tests  are  done  with 
a  constant  thermal  power  of  20  kW,  with  and  without  air 
preheating.  Two  different  excess  air  ratios  are  tested  for 
non-preheated  air  cases.  For  each  series  of  thermal  power, 
excess  air  ratio  and  air  temperature,  the  hydrogen  volume 


Fig.  3  -  The  optical  setup  for  safe  implementation  on  the 
furnace  of  OH*  chemiluminescence  imaging  with  large  field 
of  view. 
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Table  1  -  Operating  conditions  of  mild  flameless 
combustion  of  CH4-H2  mixtures. 


Test-case 

Thermal 

power 

P  (kW) 

Excess 
air  ratio 
A  (%) 

Air  inlet 
temperature 
Ta  (°C) 

H2  proportion 
(%vol) 

Tl 

20 

10 

585 

0-100 

T2 

20 

11 

25 

0-100 

T3 

20 

14 

25 

0-100 

proportion  in  the  fuel  mixture  (CH4/H2)  is  varying  from  0  to 
100%  by  step  of  10%.  Then  for  each  operating  conditions, 
flue  gas  temperature  and  composition  are  measured  and 
reactive  zones  are  recorded  by  OH*  chemiluminescence 
imaging  in  regions  centred  on  the  exit  of  the  burner  and  far 
downstream  in  the  middle  part  of  the  combustion  chamber. 
In  the  following,  “MxHy”  term  represents  the  operating 
conditions  where  the  fuel  is  a  mixture  of  x  %vol.  of  CH4  and 
y  %vol.  of  H2. 


3.  Main  features  of  mild  flameless 
combustion  of  CH4— H2  fuel  with  air  preheating 

Fig.  4  presents  the  evolution  of  dry  flue  gas  compositions 
with  the  proportion  of  hydrogen  in  the  fuel,  for  the  operating 
conditions  T1  (P  =  20  kW  —  A  =  1.10  —  Ta  =  585  °C).  Oxygen 
and  carbon  dioxide  follow  theoretical  dry  compositions  of 
combustion  products.  No  unburnt  methane  is  detected  in 
flue  gas.  Carbon  monoxide  concentration  increases  slightly 
when  adding  H2  in  methane  but  remains  always  below 
10  ppm.  From  M30H70,  it  decreases  down  to  a  value  close  to 
zero. 

For  small  proportions  of  hydrogen  up  to  M50H50,  NO  and 
NOx  concentrations  show  very  small  variations  around 
constant  values  of  respectively  30  and  40  ppm.  From 
M50H50,  they  progressively  decrease  down  to  20  and 
27  ppm.  No  increase  of  NOx  emissions  is  measured  unlike 
other  experiments  performed  with  different  geometries  of 
mild  flameless  burners:  Donatini  et  al.  observe  an  increase 
of  NOx  emissions  from  55  to  88  ppm  when  adding  hydrogen 

— O2(0/<)  — ■—  CQ2(°/<)  —♦—CO  (ppm)  —A — NO  (ppm)  —A —  NOx  (ppm) 


H2  proportion  in  CH4-H2  mixture  (%) 

Fig.  4  -  Evolution  of  dry  flue  gas  composition  versus  H2 
proportion  in  the  fuel  (test-case  Tl:  P  =  20  kW  -  7  =  1.10  - 
Ta  =  585  °C). 


from  0  to  15%  [31];  in  a  150  kW  facility,  Slim  et  al.  measured 
an  increase  of  NOx  emissions  from  5  to  42  mg/m3  associated 
to  the  apparition  of  a  visible  diffusion  flame  attached  to  the 
burner  when  H2  proportion  varies  from  0  to  75%  [32].  In  our 
case,  low  values  of  NOx  emissions  show  that  mild  flameless 
combustion  regime  is  maintained  whatever  the  CH4— H2 
proportion. 

Mean  OH*  chemiluminescence  images  obtained  from  the 
average  of  500  instantaneous  images  for  the  operating 
conditions  Tl  are  presented  Fig.  5.  For  all  CH4-H2  proportions, 
main  reactions  zones  occur  from  the  beginning  of  both  mixing 
layers  between  the  central  air  jet  and  the  two  fuel  jets,  and  end 
in  the  middle  part  of  the  combustion  chamber.  Thanks  to  their 
high  momentum,  turbulent  air  and  fuel  jets  are  diluted  by 
entrainment  of  recirculating  combustion  products,  before 
they  meet  and  begin  to  react  [29,38].  As  the  reaction  zones  are 
always  lifted,  most  of  the  heat  release  occurs  then  in  hot 
diluted  conditions.  This  induces  very  low  temperature 
gradient  as  well  as  a  moderate  maximum  value  of  the 
temperature  [29]  and  thus  explains  the  very  low  NOx  emis¬ 
sions  measured  in  the  present  experiment  whatever  the 
CH4— H2  fuel  mixture.  Flue  gas  temperature  remains  almost 
constant  around  1180  °C,  with  a  maximum  gradient  of  13  °C 
(1175  °C  for  M100H0  to  1188  °C  for  M0H100).  Average  wall 
temperatures  vary  between  1125  °C  for  M100H0  and  1155  °C 
for  M0H100. 

Significant  variation  of  the  lift-off  height  of  the  reaction 
zones  is  observed  when  varying  CH4— H2  composition  (Fig.  5). 
In  order  to  point  out  the  effect  of  the  reaction  zones  topology 
on  NOx  emissions,  the  height  Hb  of  the  beginning  of  the 
reaction  zones  are  determined  from  mean  OH*  images.  For 
each  horizontal  line  of  the  image,  the  pixel  locations  of  the 
maximum  of  OH*  intensity  are  determined  for  both  reaction 
zones  on  either  side  of  the  longitudinal  vertical  y-axis.  Then 
the  longitudinal  evolution  of  OH*  maximum  intensity  is 
considered,  and  the  lift-off  distance  Hb  is  obtained  by 
searching  along  this  profile  the  height  from  the  burner  exit 
where  5%  of  the  dynamic  of  OH*  maximum  intensity  is 
reached.  Fig.  6  presents  the  evolution  of  Hb  with  the 
hydrogen  proportion  in  the  fuel  with  the  NO  and  NOx 
concentrations.  Similar  evolution  is  also  observed  when 
considering  another  threshold  value  as  well  as  the  opposite 
reaction  zone.  Except  for  the  pure  hydrogen  case,  one  can  see 
a  specific  relationship  between  Hb  and  the  resulting  NOx 
emissions. 

When  the  H2  proportion  in  fuel  varies  from  0  to  20%, 
reaction  zones  are  stabilized  closer  to  the  burner.  This  can  be 
attributed  to  the  high  reactivity  of  hydrogen  compared  to 
methane.  Indeed,  progressive  addition  of  hydrogen  in 
methane  induces  an  exponential  increase  of  laminar  burning 
velocity  [39,40]  and  a  more  robust  sensitivity  of  turbulent 
flames  to  stretch  rate  [41].  Addition  of  hydrogen  to  methane 
has  already  proven  to  be  a  convenient  way  to  enhance 
combustion  features,  in  standard  non-diluted  conditions,  for 
example  when  adding  up  to  20%  of  H2  in  a  swirl  burner  [42],  as 
well  as  in  mild  flameless  conditions,  where  the  combustion 
stability  and  limits  of  dilution  are  widened  [34],  and  heat 
release  can  be  intensified  [43].  In  our  case,  as  Hb  decreases,  the 
entrainment  ratio  of  inert  hot  combustion  products  by  reac¬ 
tant  jets  achieved  at  the  locations  where  reactions  begin  is 
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Fig.  5  -  Mean  OH*  chemiluminescence  images  versus  H2  proportion  in  the  fuel  (test-case  Tl:  P  =  20  kW  —  2  =  1.10 
Ta  =  585  °C). 


smaller.  Then  combustion  occurs  in  less  diluted  environment. 
We  can  expect  a  higher  local  heat  release  as  the  OH*  chem¬ 
iluminescence  intensity  in  the  reaction  zone  is  also  increasing 
(Fig.  5). 


♦ —  Hb  (mm)  — * — NO  (ppm)  — * — NOx(ppm) 


H2  proportion  in  CH4-H2  mixture  (%) 


Fig.  6  -  Evolutions  of  the  lift-off  height  Hb  of  the  reaction 
zone  with  NO  and  NOx  concentrations  versus  H2 
proportion  in  the  fuel  (test-case  Tl:  P  =  20  kW  -  2  =  1.10  - 
Ta  =  585  °C). 


For  the  NOx  emission  mechanism,  as  the  overall  formation 
rate  of  thermal  NO  strongly  depends  on  local  temperature  [2], 
in  a  more  pronounced  way  than  the  NNH  route  [9],  the  slight 
increase  measured  for  NOx  emissions  could  be  attributed  to 
a  slight  increase  of  thermal  NO  formation  as  the  combustion  is 
less  diluted.  From  M80H20  to  M50H50,  Hb  seems  to  reach 
a  minimum  value  (Hb  ~  80  mm),  which  corresponds  to  the 
beginning  of  the  jets  interaction,  whereas  NOx  emissions  keep 
quasi-constant  levels.  Evolution  of  Hb  is  reversed  from 
M50H50.  As  it  is  more  and  more  lifted,  the  reaction  zone  is 
more  diluted  and  less  intense.  One  can  expect  a  lower  NO 
formation  from  thermal  route.  A  very  specific  behaviour  is 
observed  for  the  pure  hydrogen  case.  Besides  the  main  reac¬ 
tion  zone  starting  from  the  beginning  of  the  mixing  layers 
between  air  and  fuel  jets,  a  thin  reaction  zone  occurs  early 
around  the  air  jet  because  of  the  high  diffusivity  of  hydrogen, 
as  shown  on  OH*  chemiluminescence  image  even  if  it  is  still 
not  visible.  Because  of  its  low  intensity,  this  reaction  zone  has 
no  effect  on  NOx  emissions  which  are  rather  controlled  by 
another  phenomenon  related  to  large  proportion  of  hydrogen 
in  the  fuel. 

The  decrease  of  NOx  concentrations  for  large  H2 
proportion  shows  that  the  NNH  route  would  not  provide 


6918 


INTERNATIONAL  JOURNAL  OL  HYDROGEN  ENERGY  37  (2  0  12)  6912-6921 


a  major  contribution  to  NOx  emissions.  As  reflected  from  CO 
and  C02  concentrations  evolutions  (Fig.  4),  decrease  of  C/H 
ratio  in  fuel  mixture  is  more  pronounced  for  large  H2 
proportion.  As  the  NO  formation  via  the  prompt  route 
corresponds  to  the  reactions  of  nitrogen  with  hydrocarbon 
radicals,  a  similar  decrease  can  be  expected  to  the  C/H  ratio 
and  the  prompt  NO  formation,  down  to  its  cancellation  for 
pure  hydrogen  case.  This  has  been  already  observed  by 
Rortveit  et  al.  when  adding  hydrogen  to  methane  in  porous 
media  inert  burners  [9].  In  the  same  manner,  in  our  case  for 
mild  flameless  combustion,  the  decrease  of  NO  and  NOx 
concentrations  for  large  hydrogen  proportion  can  be  attrib¬ 
uted  to  the  key  effect  of  the  cancellation  of  prompt  NO 
formation,  even  if  the  reaction  zone  moves  upstream  for 
pure  hydrogen  case. 


4.  Main  features  of  mild  flameless 
combustion  of  CH4— H2  fuel  without  air 
preheating 

Previous  experiments  with  pure  methane  have  shown  the 
important  effect  of  air  temperature  on  the  structure  of 
reaction  zones  and  its  consequence  on  NOx  emissions 
[29,30].  Fig.  7  presents  the  evolution  of  dry  flue  gas 
concentrations  with  CH4— H2  composition  for  the  test-case 
T2  (P  =  20  kW  —  7  =  1.11  —  Ta  =  25  °C).  NOx  concentrations 
are  very  low  —  never  exceeding  16  ppm  -  whatever  the  H2 
proportion  in  the  fuel.  However  one  can  observe  that  the 
progressive  addition  of  hydrogen  in  the  fuel  induces  a  quick 
growth  of  CO  emissions  reaching  values  around  50  ppm, 
before  it  naturally  cancels  from  M20H80  because  of  the 
decrease  of  C/H  ratio.  Similar  increase  of  CO  concentrations 
has  been  observed  by  Derudi  et  al.  for  high  recirculation  ratio 
where  the  oxygen  concentration  is  too  small  to  allow 
complete  oxidation  [34].  Such  high  values  of  CO  concentra¬ 
tions  prohibit  these  operating  conditions  despite  the 
combustion  stability  and  low  NOx  emissions. 

To  avoid  CO  emissions,  the  air  flow  rate  has  been 
increased  to  ensure  oxidation  of  CO  in  the  combustion 
chamber.  This  leads  to  new  operating  conditions  without  air 
preheating  for  a  constant  thermal  power  of  20  kW  and  a  new 
excess  air  ratio  of  1.14  (Test-case  T3  in  Table  1).  Evolutions  of 


02  (%)  C02(%)  — CO  (ppm)  — A — NOx  (ppm) 


Fig.  7  -  Evolution  of  dry  flue  gas  composition  versus  H2 
proportion  in  the  fuel  (test-case  T2:  P  =  20  kW  -  7  =  1.11  - 
Ta  =  25  °C). 


Q2(%)  — ■ — CQ2(%)  — ♦ — CO  (ppm)  —A — NO  (ppm)  —A — NOx  (ppm) 


Fig.  8  -  Evolution  of  dry  flue  gas  composition  versus  H2 
proportion  in  the  fuel  (test-case  T3:  P  =  20  kW  -  7  =  1.14  - 
Ta  =  25  °C). 


dry  flue  gas  compositions  for  these  operating  conditions  are 
presented  on  Fig.  8.  Oxygen  and  carbon  dioxide  variations 
correspond  to  theoretical  compositions  of  combustion 
products.  Thanks  to  the  increase  of  excess  air  ratio,  CO 
emissions  are  now  controlled  and  remain  lower  than  8  ppm 
for  all  CH4— H2  compositions.  As  already  observed  for  the 
test-case  T1  with  air  preheating,  CO  concentrations  gradually 
decrease  from  M40H60  following  C02  concentrations,  down 
to  a  quasi-zero  value.  For  mild  flameless  combustion  regime, 
an  increase  of  excess  air  ratio  could  induce  an  important 
increase  of  NOx  emissions  [44].  In  the  present  case,  the 
excess  air  ratio  required  to  limit  CO  emissions  remains  small 
enough  to  keep  ultra-low  NOx  emissions  whatever  the 
CH4— H2  composition.  Even  if  they  never  exceed  16  ppm,  one 
could  observe  nevertheless  an  increase  of  NOx  emissions 
with  the  hydrogen  proportion  in  the  fuel,  more  significant 
than  the  previous  case  with  air  preheating  and  this  time  in 
concordance  with  other  experiments  [31,32].  In  our  case, 
studying  mild  flameless  combustion  in  the  complete  range  of 
CH4— H2  mixtures,  a  decrease  of  NO  and  NOx  concentration  is 
measured  for  high  proportion  of  H2,  as  previously  with  air 
preheating.  Without  air  preheating,  NOx  concentrations 
decreases  from  16  ppm  for  M30H70  down  to  values  less  than 
10  ppm  for  pure  hydrogen  operating  conditions  as  for  the 
pure  methane  ones. 

As  previously  observed  for  the  preheated  air  case,  the 
decrease  of  NOx  for  large  proportion  of  hydrogen  indicates 
that  the  NNH  route  would  not  have  a  significant  role  for  NO 
formation  in  our  case.  Here,  the  evolution  of  NOx  with  the 
proportion  of  H2  in  the  fuel  can  be  rather  considered  to  be 
controlled  by  two  opposite  phenomena:  one  relating  to  the 
cancellation  of  prompt  NO  when  decreasing  C/H  ratio  of  the 
fuel  mixture,  the  other  relating  to  the  increase  of  thermal  NO 
formation  associated  to  the  upstream  shift  of  the  lifted 
reaction  zone.  Without  air  preheating,  mild  flameless 
combustion  of  pure  methane  is  stabilized  far  downstream 
from  the  burner,  ensuring  their  massive  dilution.  The 
smooth  gradient  and  low  maximum  temperature  in  the 
reaction  zones  induce  minimization  of  NO  formation  by 
thermal  route  and  then  the  ultra-low  NOx  emissions 
measured  in  this  case  [29].  As  shown  on  mean  OH* 
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Fig.  9  -  Mean  OH*  chemiluminescence  images  versus  H2  proportion  in  the  fuel  (test-case  T3:  P  =  20  kW  -  7  =  1.14  - 
Ta  =  25  °C). 


chemiluminescence  images  presented  Fig.  9,  the  progressive 
addition  of  hydrogen  in  the  fuel  mixture  has  a  tremendous 
effect  on  the  localization  of  reactions  zones  in  the  furnace. 
Similar  features  have  been  also  observed  for  the  test-case  T2 
despite  the  high  CO  emissions  (Fig.  11).  The  evolution  of  the 
lift-off  height  Hb  with  the  H2  proportion  is  presented  on 
Fig.  10  for  the  test-case  T3.  The  doubling  of  NO  and  NOx 
concentrations  from  M100H0  to  M30H70  corresponds  to  the 
wide  upstream  displacement  of  the  reaction  zone  along  the 
stoichiometric  line  in  the  mixing  layers  between  air  and  fuel 
jets,  from  the  second  half  of  the  combustion  chamber  to  the 
location  of  the  reactant  jets  meeting.  This  induces  a  decrease 
of  the  dilution  ratio  in  the  reaction  zone.  Increase  of  NOx 
emissions  measured  from  M100H0  to  M30H70  can  then  be 
directly  attributed  to  the  increase  of  thermal  NO  formation 
due  to  a  larger  local  heat  release  density  in  the  less  diluted 
reaction  zone.  Similar  correlation  between  reaction  zone 
locations  and  NOx  emissions  can  be  pointed  out  on  the 
results  of  CFD  simulation  of  mild  flameless  combustion  for 
different  CH4— H2  compositions  performed  by  Parente  et  al. 
[45].  In  the  present  work,  whereas  the  height  of  the  lifted 
reaction  zone  continues  to  decrease  slightly,  the  decrease  of 
NOx  emissions  from  M30H70  to  M0H100  comes  thus  directly 


from  the  cancellation  of  the  prompt  NO  formation  ensuing 
the  cancellation  of  C/H  ratio  of  the  fuel  mixture.  For  pure 
hydrogen  without  air  preheating,  one  achieves  stable  mild 
flameless  combustion  close  to  “zero  emission”  features 
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Fig.  10  -  Evolutions  of  the  lift-off  height  Hb  of  the  reaction 
zone  with  NO  and  NOx  concentrations  versus  H2 
proportion  in  the  fuel  (test-case  T3:  P  =  20  kW  -  7  =  1.14  - 
Ta  =  25  °C). 
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Fig.  11  -  Mean  OH*  chemiluminescence  images  versus  H2  proportion  in  the  fuel  (test-case  T2:  P  =  20  kW  -  7  =  1.11  - 
Ta  =  25  °C). 


without  any  C02  emissions  and  pollutant  concentrations 
below  10  ppm. 


5.  Conclusions 

The  effect  of  the  composition  of  methane/hydrogen  mixture 
on  mild  flameless  combustion  is  studied  on  a  laboratory-scale 
facility.  Flue  gas  composition  measurements  and  reaction 
zone  topology  by  OH*  chemiluminescence  imaging  are  per¬ 
formed  for  different  CH4/H2  proportions  at  constant  combus¬ 
tion  thermal  power  with  and  without  air  preheating.  Mild 
flameless  combustion  regime  is  always  achieved  whatever  the 
composition  from  pure  methane  to  pure  hydrogen. 

Different  features  are  observed  for  CO  emissions  when  air 
is  preheated  or  not.  With  air  preheating  and  an  excess  air  ratio 
of  10%,  CO  concentrations  always  remain  below  10  ppm. 
Without  air  preheating,  an  increase  of  excess  air  ratio  to  14%  is 
required  to  control  CO  concentrations  without  nevertheless 
an  increase  of  NOx  emissions. 

The  evolution  of  NOx  emissions  when  varying  the 
hydrogen  proportion  in  the  fuel  mixture  can  be  divided  in  two 
parts.  For  low  hydrogen  proportion,  NOx  concentrations  are 
correlated  to  the  structure  of  the  reaction  zone  revealed  from 
OH*  chemiluminescence  imaging.  Small  addition  of  hydrogen 
in  methane  fuel  induces  a  shifting  of  the  beginning  of  the 
reaction  zone  upstream  in  the  furnace  because  of  the  high 
diffusivity  and  reactivity  of  H2.  The  reaction  zone  is  so  less 
diluted  by  entrainment  of  turbulent  jets.  Then,  a  larger  local 
heat  release  is  expected,  which  explains  the  increase  of  NOx 
emissions  measured  in  flue  gas  because  of  larger  thermal  NO 
formation.  This  effect  is  more  noteworthy  without  air  pre¬ 
heating  as  the  upstream  shift  of  the  beginning  of  the  reaction 
zone  is  large  when  progressively  adding  hydrogen  in 
methane.  Another  evolution  is  observed  from  70%  of 
hydrogen  in  the  fuel  mixture:  a  decrease  of  NOx  concentra¬ 
tions  is  measured  which  is  no  more  correlated  to  the  location 
of  the  reaction  zone,  but  is  rather  function  of  the  carbon 


species  concentrations  in  the  fuel.  This  corresponds  to  the 
progressive  decrease  of  NO  formation  from  the  prompt  route, 
down  to  its  complete  cancellation  for  pure  hydrogen. 

In  the  context  of  the  progressive  use  of  hydrogen  on  the 
road  to  alternative  decarbonated  fuels,  mild  flameless 
combustion  proves  to  be  one  of  the  most  promising  solutions 
to  combine  energy  efficiency,  low  pollutant  and  C02  emissions. 
For  pure  hydrogen  fuel  without  air  preheating,  mild  flameless 
combustion  regime  leads  to  operating  conditions  close  to 
a  “zero  emission  furnace”,  with  ultra-low  NOx  emissions 
(below  10  ppm)  and  without  any  HC,  CO  and  C02  emissions. 
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